Abstract-This work provides an in-depth study on a linear antenna array that consists of 32 elements of CRLH unit cells, and the main radiating beam can be controlled by changing the capacitance of the varicap diode that was designed and simulated with Advanced Design System (ADS 2014) software. ADS software was selected because of its flexibility in accommodating complex design equations. Results show that the main beam can be steered up to 50 degrees from the direction of maximum radiation by changing the capacitances. The main beam gain of the antenna array at boresight of 12 dB has been achieved with an impedance bandwidth of 3 GHz at 10 dB gain threshold. The antenna array performance was analysed in the mmWave frequency range at centre frequency of 28 GHz making it suitable for the upcoming 5G applications. The mmWave path losses were handled by increasing the gain of the antenna array and steering the main lobe over 50 degrees to balance the gain coverage tradeoff. The direction of the main beam is controlled by changing the varicap capacitance accordingly.
but the higher the antenna gain is, the lower the antenna viewing area will be, which makes the antenna a less sensitive transceiver. The antenna designers need to put more effort and focus on proper antenna design that can support the mm-waveband while balancing the antenna overall performance [6, 8] . For the upcoming 5th generation (5G), the antenna design will be an essential matter and must meet certain criteria such as small size and high performance, and specific materials are needed to support these high demands, which will make the metamaterials utilization inevitable due to the many aspects these artificial materials do pose like the negative permeability and permittivity [5] . The mm-wave antenna array in this paper utilizes metamaterials to improve the performance, by overcoming the shortcomings caused by operating in the of mm-wave band necessary for 5G, and shrink the antenna array size to make it suitable for smart phone applications.
A smart design should control the direction of the main radiating beam to the desired direction, which in return can assure high gain and maintain high coverage. In this paper, a 32 cascaded composite right/left-handed (CRLH) metamaterial unit cells antenna array is designed, in which the metamaterials are periodically printed on the FR4 substrate. These subwavelength metallic cells compose a uniform periodic structure, where this period defines the operating frequency, giving the substrate the high gain and large bandwidth needed for the mm-wave band in conjunction with the smaller footprint required for smart phone applications.
The following sections starting with theoretical analysis will handle the CRLH unit cell design and the requirements and followed by the installation of elements to antenna array body. Then a performance analysis is presented and finally, a conclusion of the work is presented.
MODELLING OF ANTENNA
Beamforming is a signal processing method used to control the direction of the main lobe of the radiated beam by controlling the value of the propagation constant to cause the desired phase shift between antenna array unit cells which is expressed as:
where α is attenuation constant, and β is the phase constant and can be expressed as: Figure 1 shows the equivalent circuit of composite right/left-handed unit cell metamaterial transmission line where inductance L R and shunt capacitance C L are both parallel to varicap diode C R and shunt inductance L L . Impedance and admittance of transmission line can be expressed as: For unbalanced line the dispersion relation can be expressed as [7] :
From Equation (5) the radicand value will determine whether the band is a stop or passband. When it is positive, the phase constant is real, and it is a passband, and when the radicand value is negative, the nit will be a stopband. The most important property is when both the right hand and left hand are exhibiting the same contribution, at which the line is balanced, and it occurs when the shunt and series resonances [11] are expressed as:
The propagation will split into two components, the right-hand phase constant and left-hand phase constant:
And the frequency is expressed as:
The angle of the main lobe of the radiated beam is specified by:
where K 0 is the wave number in free space. According to Equation (9), the angle of the main beam can be controlled by changing the frequency, which is not suitable for communication applications, or by changing the propagation constant to get the desired angle. The antenna array design in this paper is on a metamaterial substrate FR4 with dielectric constant ε r = 4.35, according to Equations (7), (8) , and (9), the values of the parameters to be L R = 1.08 nH, L L = 0.538484 nH, and C L = 0.029 pF. The desired range of maximum radiation angle is 50 degrees by deploying Macomvaricap for abrupt tuning with capacitance changing, at the microwave frequency of 28 GHz, in the range of 0.033 pF to 0.06 pF. Microstrip line dimensions are thickness of 0.895 mm, width W of 1.731 mm, and the body of the LW structure was selected equal to 55.424 mm, which corresponds to an ordinary microstrip line characteristic impedance of 50 Ohms. The array antenna parameters are summed up in Table 1 . The in-depth design steps are illustrated in the following sections.
The array consists of 32 radiating cells, which are made with microstrip line technology. The operating frequency is 28 GHz, and the cells were designed from Equation (1) in [10] , where ε eff is the effective dielectric constant and ε r the relative dielectric constant. The characteristic impedance Z 0 can be calculated from Equation (4) in [10] .
According to Equations (1) and (4) in [10] , the effective dielectric constant ε eff is 3.299, and the characteristic impedance Z 0 is 50 Ω. The cell uses a metamaterial substrate FR4 with dielectric constant ε r and height of 0.895 mm. The radiating element is copper with track thickness of 0.011 mm and track width of 1.731 mm fed by a coaxial cable connected to surface mount adapter since the characteristic impedance is 50 Ω. The unit cell in Figure 1 can be equivalently described as a symmetric circuit as shown in Figure 3 . The propagation constant between input and output terminals is expressed as: GaAs flip chip multiplier varicap, which is placed on MOVPE epitaxial wafers that can be utilized in the mmWave communications. These flip-chip diodes are fully passivated with silicon nitride and have protective coatings to prevent damage to the junction during automated or manual handling. The varicap is introduced to antenna body via a transmission line of length λ g /2. C L is an interdigital capacitor introduced to antenna body by two fingers as shown in Figure 4 , and the parameters needed for the interface are calculated from Equations (11) to (17) where L fing is 0.45 mm; 2S is 0.235 mm; 2g is 0.013 mm.
where:
(13)
K (. . . ) factors are the elliptical integrals of the first kind, and L fing is the length of the fingers. 
Design of Inductance L R and L L
First L R /2 can be realized with a length of 3.05 cm which is much larger than the width of the microstrip line used, e.g., 1.731 mm, resulting in 88.281 nH/m. To solve this problem, the L R /2 circuit shown in Figure 5 (a), which is equivalent to the T-circuit of the series inductance shown in Figure 5 (b), is realized using via microstrip structures as shown in Figure 6 . To achieve this, the transfer matrices in Equations (21) and (22) must be equal [7] .
According to Equations (20) to (24), parameter L R is 0.641 mm, and L P is 0.255 mm. Second, L L is realized with microstrip line of length l L which is 0.36 mm. Figure 7 shows the microstrip structure realization of the metamaterial composite right/left-handed antenna array unit cell with all parameters labeled, and Figure 8 shows the Leaky-wave antenna array which has 32 CRLH unit cells with each unit cell length D C equal to 1.732 mm and total length equal to 55.424 mm. 
RESULTS AND ANALYSIS
The antenna array resonates at the centered frequency of 28 GHz as depicted in Figure 9 . The reflection coefficient is plotted against the frequency at port 1 where the first unit cell shows a promising performance, for as long as the antenna array elements are symmetrical, and the rest elements exhibit the same properties.
The antenna array gain is plotted in Figure 10 against the frequency which demonstrates the highest gain at boresight direction reaching 12.4 dBi centered at the frequency of 28.5 GHz. At the intended frequency of 28 GHz, the antenna array has a gain of 12 dBi. For a gain of 10 dB, the antenna array has a large bandwidth of 3 GHz. According to Figure 11 , the main radiating beam can be controlled by changing the capacitance of the varicap diode. The antenna array in a range of 50 degrees can steer the main radiation beam in the direction where the signal is stronger. Table 2 shows the different varicap diode capacitances versus steering angles.
With respect to the advantage of size reduction using MTM substrate in our design, a benchmarking Table 3 was created. In [12] , a substrate integrated waveguide antenna subarray for broadband circularly polarized radiation operating at 26.7-37 GHz was designed in which the 4 elements antenna array has a footprint of 6.25 cm 2 , whereas our design packs 32 elements into a footprint of only 0.9418 cm 2 . This illustrates the advantage of compactness provided by the metamaterial in the proposed design. 
CONCLUSION
In this work a linear antenna array that consists of 32 elements of CRLH unit cells and whose main radiating beam can be controlled by changing the capacitance of the varicap diode was designed and simulated. Results show that the main beam can be steered up to 50 degrees from the direction of maximum radiation by changing the capacitances. The main beam gain of the antenna array at boresight of 12 dB has been achieved with an impedance bandwidth of 3 GHz at 10 dB gain threshold. Performance of the antenna array was analysed in the mmWave frequency range at centre frequency of 28 GHz making it suitable for the upcoming 5G applications. The mmWave path losses were handled by increasing the gain of the antenna array and steering the main lobe over 50 degrees to balance the gain coverage tradeoff. The direction of the main beam is controlled by a Maccomvaricap, by changing the capacitance accordingly.
